
\

,, “

:.

A SJtA1/C1  I F’()]t  I.OW AV )lAI{’J’11  -’J’O-MOON  TJ{AJIXTOI{lICS

I I,J. I’cr[\ickfi* ml I ).1’. Scarbcrryl
San Jose SMC lJnivcrsity

San Jose, California

S.M. Marsh~’
1 ,mkhcd Missiks  and Space Company

SLmt~yvdc,  California

6‘1’.11. S wcdscr.
Jc[ l’ropulsioa  1.aboratory

Cdiforaia lus(ihm of Technology, l’asadcma, Califmia

Abslract

A search for low AV 1 larlh-to-Mrmn  trajcdorics  has
been initiakd. Numerical ia[cgratioa  of the cquatioas  of
motion  from ttw circular restricted three-body problem has
rcsullcd ia lhc. c.ompu[alicm  of a tmjcclory  that saves more
thau 100 nds over a 1 kdmana  tfaasfcr,  although the flighl
time is almosl km months. ‘1’lm approach used iavdvcs
the computation of two trajectory “legs”: first, a trajectory
from low  1 irrlh orbit  to lhc. 1.1 libratim poilu  of Iim I iartll  -
Mooa systcm, aad second, a trajectory from 1,1 to Orl)it
about tk Mom. Multiple orbits about lkulh usiag luaar
perturbations facilitates the transfer to I,1. Similarly, tk
1,1 to Mrma Icg uscs the perturbation from tbc. 1 iarth to
achicvc a low orbit about the Moon.  Small maneuvers arc
used in bofh lc.gs 10 control  {he orbital  pcricd  so (1IC third
body pcrlurbalions  cm be usI+J advantageously.

lntrwluction

Mos( spacecraft oa 1 iarth-to-Morm  trajectories arc
limited in their mass by the propulsive rcquircmcats.  Of
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course, any rc41uclioas in [k propulsive rcquircmcn[s  arc
bcncfici:d  since more mass (c+, scientific iaslrumcats  or
humaas)  can be delivered m the final destination. ‘1’his
pmblcm h a s  bczn  sludid cxlcasivcly  siaec, and cvca
~f~rc,  sl~acc  travel bc.gan. Such research has produced a

nulnber of useful trajcdory  designs and Irajcclory  aaalysis
tools. la recent work by Swcztscrl UK n~iaimum  total AV
rcquird to reach LIIC.  MOM  from 1 lar[h (iw a lower  bouftd)
was quaatific41.  “Ibis research, however, did not Produce
the aclual trajccmry  tlial uscs the. miaimum  AV amouat,
assuming that onc even cxils. Ncvcrthdcss,  tllc  rcsulls
(applicable to the circular rcstrictc.d three-body problcm)
do reveal some conditions oa the trajectory that would use
the minimum  A V . ‘1’hc curfcal  c.fforl, thcm, give.n lk

miaimum  AV amrruuL is to find a trajcdory  that uscs that
minimum  (or al least is “ckrsc” m it). If the. time-of-flight
is prohibitively long for prac[ical  applications, a lransfcr
tmjcclory  can be sought that is near the minimum but that
has a shorlcr  travel time. ‘I$his study has focused cm
trajcdorics  cxmpulcd using soJnc of the coudilions  givcu
ia Rcfcrcncc 1 that arc required by the minimum AV
trajectory. “I”tmc  Cmaditions  do not cxmpkmly  specify tk
number of maacuvers,  their locations, magailudcs,  aad
dircctioas. ‘1’lms, dctcrmiaiag  (he strategy to dcfiac. each
n]amuvcr  is onc of the more important aspccls  of this
work. Whik a trajectory has not yet bcm  fouad that uscs
the miaimutn  AV, some relatively low AV
obtaiacd and arc Lk subject of this paper.

l’rxwious  Contrilmtim:s

cases have bcca

1 My cfforls  on the 1 ;arth-trr-Moon  traasfcf  problem
include works by 1 ;gorov 2 , Iiuchcim3,  and N A S A  ia lhc
1 .uuar 1 ‘Iigh[  1 laadtmok4. ‘J”hcsc approaches quantify the
minimum velocity required near the l~arlh to achieve a
(ransfcr to the Moos wi[hin the context of the rcstriclcd
three-body problcm. la additiou,  dimt two - impu l se



trajc’dories bavc bma cxmpukxl  by many using patclml-
coaic and/or numeric.al in[cgraticm mctbods  that do not
minimim AV hat do admit free-rcham trajectories aad arc
thcmforc  more useful for human-hascd  missims.

A  nc.w c l a s s  of translunar  trajcdories  bas mmlly
bcca  fouad by Ilclbruno  and Millcr5-7  that uscs  the solar
pcr(urbatirra 10 lower total AV, ‘J’hcsc  trajcdories  h a v e
flight t imes of three to four mon[hs and save.
approximatdy  100 m/s over dire.c[ ballistic transfers.

la scckiag fue l -c f f ic . ient  tmjcclorics  m the Mom,
Swcctscr first identified the. n~inimum @Id rcqaircd AV to

leave an orbil about the 1 ;ar[h and iascrl  ink)  luaar  mbit.1
lJsing lhc rcslriclcd  three-body problcm and Jacobi’s
constant, a lower bound on required AV was dclc.rmincd.
(’I’hc aclual figure dcpmls  on the initial 1 larlh  orbil,  the
final luaar  orbit,  and tbcir inclinations.)

hlo(lcl: ‘1’he ]kstridcd ‘J’tmc-]kdy Prol)lc:n

‘J’hc cqua[icms governing motion in this problem arc
writlca ia the form associakd wi[h  k circular rcstricld
three-hdy prob]cm, la d e f i n i n g  the, usaal  rdatiag
cmrdinalc syslcm, the x-axis is dircclcd  from the
baryccntcr to tbc sma l l e r  p r ima ry  (i.e., baryccntcr m
Mom). ‘1’hc y-axis is rolalcd  90° from the x-axis in the
primary plaac of motion, ‘lhc z-axis complc[cs the right-
baadcd frame, ckfining the out-of-plane dircclioa.  ‘J’hc
problcm is J]ol][li]tlcllsiollali7,cCl  in lhc usual manner in
wl]ic.b the dislamc  betwcca  tbc primaries, lbc sum of their
masses, the angular vclocily  of the rotaliag  frmc, and tbc
universal gravitational conslan[  arc all uaity. ‘l’tic
paramc[cr  p is defined as [hc ratio  of the smaller primary
mass 10 the sum of both primaries’ masses.

1,eI tlm vector p dcscribc the position of [he. spaccc.raf(
(assun~cd  to bc aa infinitesimal mass) from the baryccnlcr
such that p bas conqmacnls x, y, aad r<. ‘1’hc equations of
nmioa, assumiag  circular primary motion, cm bc wrillcn

U= (x2+ y2)/2+(1-p)/d+ p / r

(1)

[d= (Xi p):

[r= (x- l-l

‘Ihcsc cquali(ms  arc
widely available.8

iy2i7. 1z 1/2

1)2 + yz + 72 ]“2 .

WC.11  knows and tllcir derivation is

‘1’wo other aspccls  of the restricted three-bml y problcm
arc of particular importance to this work. Aa iatcgral  of
motion was givca by Jacobi as

C=.2{J - (i2+ y2+ir2), (2)

aad is usd in quantifying the n~iaimum AV required m
transfer  f rom 1 iarlh  orbi[  to lunar orbi[. Also, fiVC

equil ibrium poiats or litmtioa points were found by
1,agrangc in 1772. ‘1’hc 1 , 1  or iatcrior libratioa  poinl
Iocatd on the I tard~-Mmm line bdwcm lhc I !art h aad
Mom (5307  1.6 km from the Mrmn) is specifically used
here.

Search Strategy

‘J’bc search for low AV 1 iartll-to-Mmm  trajcdorics  has
bow allcmplcd  primarily through numerical means, i.e.,
propagation by numerical integration of the cqualions of
motion. ‘Ikal}sfcrs lI:IVC been sought thai origiaa(c  in a
low liar(h o r b i t  of 167 km altitadc  and Icrmina(c  ia a
lunar circular orbit  of 100 km altitude. In this study, all
motioa  has been coataiacd in the plane of the motion of
[hc primaries. ‘1’hc software used to analy~,c his problcm
bas bccm s[ructurcd to a l l o w  ccravcaicat trial-aad-crmr
inputs of AVS a( specific locations,

Ydimhmyllcmsidmtkm
The work by Swcctscr  reveals cerlain conditions m

[hc minimum AV 1 larU]-to-Moon  transfer. l:irst, lhc

trajcctmy  must pass tlmugh Lhc I.] point,  and, at ttlc I.1
poia( the vcloci[y  rclat ive 10 tbc mat ing frmc masl k
zero. ‘J’lIIJS as the spacecraft approaches 1.1 from the
l;arlh, it apparently “slows dowa”,  asymptotically
approaching zcm velocity relative to Ihc rotatiag  frame.
‘1’hc spaccmifl  lhca procccds to the Mom by dcparliag  the
1,1 poiat asyinptotical]y  from mm vclocily.  of crmrsc,  the
asymploiic  arl-ivalklcparlurc  at  I.1 w o u l d  rcsull in an
infinite time-of-flight,

Another condition states {bat the change ia Jacobi’s
constant as a rcsul[ of a maneuver is maximi~.cd if [tic AV
is performed where the velocity relative 10 the rotatiag
frame is grcalcsl and is pcrfrmncd  in lhc same dire.clioa as
the velocity relative to Ihc rotating frmc.. As slmwa in 1,
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n~rrximi~,iag  Ihc chaagc ia Jacobi’s ccmstrm( m (1IC result of
a maacuvcr  is gcmmlly dcsirablr?  ia traasfcr~iag from low
] iartll  orbit  101,1 rrad from 1.1 to luaar orbit.

UlcLmtl
‘1’hc miaimum  AV to lravcl  from low 1 iarlh  orbit  to

Iuaar orbit,  assumiag  nmirm govcrd  by the c i rcu lar
rcstric(c(i  three-bd y problcm,  is givca by S wcclscr’  as

AV,,tin = AVI( -I AV~, (3)

all(i

‘1’hc. ciuaa[i[y AVll rciwcsca~s IJIC minimum AV 10 lraasfc.r
from  low  I iar[h orbit 101,1 aad AVM is ti)c miaimum  to

traasfcr  from 1,1 to hmar orbil (wi~crc the trajccmy  arrives
at 1., from 1 iarlil with mm vclocily  rciativc  to tile rotating
frame before procc.cdiag 10 the Moon, as dcsc.ribcd  iu the
previous paragrailh). ~~lj is the cilangc ia Jacobi ’s
coastanl  from low 1 iarlh  orli{ to I.1 and Vlj is ~hc vckrcit y
in  (IN2 low 1 {arlh mbit rdalivc to the mm ing f r a m e .
Simi]ar  dcfiaitirms  appiy f o r  5C~ an(i VM. lJsiag IhC
rclatioaships  givca ia (3) f o r  t h e  c a s e  mcatioac(i
prcvioust y, traasfcrriag  from a circular low 1 larlh  orbit of
167 km aititmic to 1,] requires al least 3.OW lmds aad
from 1,1 10 a 100 km aititudc  circular luaar  orbit of mo
incliaa(ioa  requires at lcas(  0.627 kin/s.

I!N  Siulf%!y
Givcm  tbc coa[iitims for a miaimum  A V  traasfcr,

trajcclorics  have bcca sougi~l rwigiaaliag  from low } :arlh
orbit  tha[ pass through ti]c 1 larlii-Mrm 1,] Ii bra(ion poin[
witil aimost no vc.iocity (rclalivc  to tbc rotaliag  frame) aaci
dial cn{cr iato  orbil about lhc Mom. ( A s  mcatirracd
previously, trajcdorics  that arrive al 1.1 with no velocity
rc.iativc to the rota(iag  frame would have iafiaitc  fligil[
Iimcs, tilus, iu aa effort  to obtaia practic%l  fligilt t i m e s ,
smati arrivat  velocities al I,1 were Uscfd.)  1 lath trajectory
is “formc{i”  by computiug  (WO “ l egs ” : firsl, from low
1 larlh  orbi[  (circu]:tr  orbil of 167 km allilu(ic) tO ttlC 1,1
poial,  and sccoa(i, f r o m  tbc 1  .j poial  10 luarrr orbit
(circuiar  of 100 km altitu(ic.). IIiscrctc AVS arc applic(i at
pcrigcc/pcrihlac  Iocatirms (0 cmtmi the orbit  pcriocis so
timt tile pcrlurbiag  gravilalirmal  frmz from the (hirci bociy
(Mom or l{ar[i~) can bc uscli a(ivaatagcrms]y. Allhcrugh
not spccitic;lliy  ccm]pukd here, trajectories from the Mom

to Lhc 1 iarlh could bc fouad usiag a smwgy similar (0 that
(icscribc(i ia the followiag paragrai~i~s.

~tiIIQ&~g
Ckmimliag  a maacuvcr or series of maneuvers for a

trajccmry  origiaa(iag  in low 1 iarth orbit to arrive al the 1.1
poiut with a smali vckwity  maguita(ic  wouki  require some
Iypc of targctiag  algrwitiml. ‘1’0 avoi(i tilis crmi~licatiou,
]iarth-to-l,, legs have been fouwl  by numerically

iatcgratiag  backward in time starliag  at 1,] witi~ a smali
ve l oc i t y  ( - - 1  r i ds )  lilat is jusl caough to “iwsh”  lhc
trajectory reward 1 %r(i~ (iastc.ad of the Moot]). ‘1’hc
trajccmry  lhca “sclllcs”  im a  l a r g e  mar-cliiptic  orbit

about lhc } iarlh  (scmimajor  axis --205,000 km) that is
pcmrrbcd by the Mom. ‘1’iw s(ralcgy use41  here is to
imi>lcmcat AVS (oricalcd  ia the dircdioa of lhc vclocily
witi)  rcsi~ct  to t h e  rota[iag  f r a m e )  at ccr[ain pcrigccf
Iocatioas  ti~at a(ijust the orbi(  pcrird K) coalrol  tllc  luuar
pcrluri}atioa  effects.

‘1’hc initial cl]iplic orbii (going backwar’(i in time.) has
a period of appmximalcly  10.7 (iays. ‘1’i~is  rcsuils ia a 5:2
rcsmaat  behavior’ in which the Moon complctc.s  two orbits
whiic  the. spacecraft trajcckwy cmi~lctcs  tivc.  ‘1’hus in
five orbils  the orbit spacccraf( apogee will again bc
oricatcd ai~imximatdy  tmvarxi  the hkm akmg tim x-axis
(aa(i wiil also pass relatively C1OSC (o (IIC Mom). ‘1’i)c
oricnlalirm  of Ilic  liac of apsi(ics to the x-axis is critical in
dcmmiaiag h o w  t h e  luaar  pcriurbatirm  c.haagcs
subscqucat orbits. ‘1’0 qu:mlify  these cffccls, (ilc aaxlc m

(- 180° <rx<180° ) is (icfiacii  tilat  rci)rcscats the aaglc
bctweca (IIC I kulh-Mrma  Iiac and lilt 1 iarlil-spacecraft liac
wi)ca lim spacccrfift  is at apqyx. a is (icfiac4i as mm
whcJI [tic spacxxwrft  apogee liac lies on the 1 ;arth-Mrxm
liac  and is (iircctc~i towarxi t h e  M o m .  l’osilivc rx i s

(icfiJlc4i  sllch Iilat the Mom “trails” the SpaCCCrXfl as Iilc
spacecraf t  rc .aches aimgcc (for a “time forward”
i>crspcdivc).

l;xpcriillcl]l:ltiol~ b y  imiicmcatiag  smati maacuvcrs
(-IS m/s)a[ tile  first (as iatcgrating  backwar(i)pcri.gcc

poiat  rcvcalcd s o m e  gr.wcrai trcn(is On t h e  luaar
pcrmrbatioa  cffczls  a s  rclatc(i  10 ct. As  iatc~ratiag

b a c k w a r d ,  a  vaiuc. of o. bctwcca O and +30 (icgrcc.s
produces a  subscquc.at sigaificaa(  pcrigcc  iacrcasc. ad
apogee rcductirm m tllc ncx( orbit rcvolulioa. If a is

bctwcca  O an(i -30 (icgrccs, tilcncxl  pcrigccaaci  aimgcc
dcc.rcasc  significaaliy. Ia addilirm,  thcmagaitu(icof  lhc
rc.(ii)cii(ll)s arl(iitlcrcascs  arcltlucli grcatcrat  apogccsc.l(rsc.
tol.l,ali{i,illgc]lcral,  lhcpcri~ccci laagcsarc  grcatcrlilaa
Illcapogcccllallgcs.  lf, asarcsutt  ofamrrncuvcr,aimgcc
bccomcs too bigih  ti~c subscqucnl pa(h may leave the
liarll~'s vicit~ity  al~(ict~lcr il~t()orl~it abo~lltllc  Mool~.  Also,
as Ugc(sl:lrgcr  tllccll:lllgcs  ill pcrigcc  and apogccarc  ad
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m grcal since the spficccraf~  dots not pass as dose. 10 tbc
M (inn.

‘J’hc smatcgy  usd i s  a  balanc.iag act to t r y  to
maximixc  J~crigcc  drops wbilc rrvoidiag bciag drawn iam
the Mom’s vicinity, Ily using small maneuvers al perigee
locations, the orbil periods can bc changd slightly which
acls to cmmd tbc value of a. la particular, wbcn lhc

spacecraft apogee is oricatcd toward Lhc Moon (a mall),

a m:mcuvcr  is used (when ncccssary) at som previous
pcrigcc. to adjust u to lic in the approximate range of

-lo”< rl<o”. If a is too large (e.g., 5° or 100), a
ncgalivc  maacuvcr (caergy  and period reducing) is used.
When mccssary, positive maneuvers arc used even though
they add energy to the mbit, since this uudcsirab]c cffcd
(as procccdiag backward in time) is far cxcmdcd by the
b e n e f i t s  of the cnballced  lunar pcr(urbatiou  cffcd of
pcrigcc  drop.

As pcrigcc  drops, the scmimajm  axis dccmascs  and
tlms IIlc orbit  pcrid dcx-masts as well. Whca this occurs
a 3:1 collllt]ct]suvdl>ili\y  bctwccn the lunar aud spaccmafl
orbits is cslaldisbcd aad is mainlainc.d rrniii  the pcrigcc  is
rduced to lhc r e q u i r e d  allitudc. for injc.ctirm iato  t he
circular low l;arlh orbit.  A large AV is used for this final
maneuver (wbicb,  of course, is actually (1w firsl maneuver
oat of low  1 krrth orbit  with time progrcssiag forward).

l+lwlmlla
‘1’hc 1.1 -to-Mrmn  lcg i s  compulcd using a  stralcgy

simil:lr [o [hc 1 larth-to-l.1  Icg. in this Grsc, the numerical

ialcgration  promds forward ia time. A small iai[ial
velocity is spccificd at the litmdlion  prriut wbicb  is just
c.nough to “push” the spacm.raf( ialo an crrbi[ about the
Moon (ias[c.ad of ti)c 1 iarth). ‘1’hus Wbcll lhc t w o
tra jectory  Icgs arc “palcbcd”  mgcthcr a small vclrrcity
discoa(iaui[y  will cxisl  at 1.1, requiring a small AV at this
poial.

‘1’hc 1 ;arlh now am as the third brKly  aad is used to
rducc  pcrilunc  to the lunar orbit distaacc..  A relatively
large mancuvc.r is pcrformc41 at Jmiluac  to circularim the
orhil  about (hc Moon.

Results

UMtNam
‘1’bc following constants were used in this s(udy:

a = 384,748 km (mcaa scmimajor  axis of lunar orbil)

pi,, = 3!)8,600.49 km3/s2  ((iravilatim}al com[aa( tirncs
I ~arlh mass).

‘1’hcsc value.s produce p = 1.2150557 x10-2 and aa 1,]
loczrtiou  58.071.6 km from tl)c Mom.

ktdl~d,tig
‘1’bc IOWCSI AV case obtaiacd m date requires a total

AV amount of 3.1937 Ids to lravcl  from low 1 iarlh  orbit
to I,1. Six maneuvers arc usc41 over a thnc-of-flight  of
239.76  days. ‘1’bc spacmrafl  arrives at 1,1 with a vclocily
of 0.Y5 nds in the ncgalivc  y dircclim. ‘1’his trajectory Icg
cxmcds lhc theoretical minimum of 3.099 Jds by 95 rids)
leaving the challcngc  to furlbcr rcduc.c the AV wbilc also
rcduciag tbc lcr@y lime of flight,

L,m:MQQILtm
la this leg, the AV was much mrm easily rcduc.cd,

almost to the thcfirctic.al miaimum  value. of 627 rids. ‘1’his
suc.ccss  may bc duc to the relatively larger pcrmrbiag
cffcxx  of 1 ;arlb’s gravity. ‘1’hc lowc.st  AV case uscs three
mancuvc.rs  aad totals GW.4 nds over S2.26 days. ‘1’hc
spac~cr:lf[ dcp:lr[s 1,, will] a vcloci(y of 0.1 111/s  irl thC X

dircctiou. In pursuit of a more uscfal trajcclory,  fulurc
cfforls  could try to rc4hlc.c the. flight tirnc whi]c  attcmptiag
to rctaia (Iw l~car-l~~illirr~trl~~  AV amount.

~hdi@C4~.ilL@~QJ3
};igurc  1 shows both legs of the trajectory relative to

the mlal  ing frmc. ‘1’bc origin of Ihc plot cmrcspoads  10
the baryccntcr of the 1 kulll-Mcmr~ systcm, aad the x aad y
axes arc as defined prcvirmly for the rota[iag  frame. ‘1’hc
trajectory bcgias with tbc first maneuver used to dcparl lhc
low 1 iarlb  orbit (“1 {arlb iajcctim”), aad ends with the
maacuvcr used to iascr[ into  IJIC circular crrhi( about the
Mom (“Moor]  iascrtioll”). 1 ‘igurc  2 shows the same
trajccmy in the inc.rlial frmcf, with the. origia  at the
baryccatcr as in l’igurc 1. In l;igurc 2, Ihca, (tic x and y
axes rc.prcscat  iacrtially fixed dircc(ioas.  ‘1’able 1 displays
a Iimc-hislory  of the trajectory star(iag from lhc injcclirm
maacuvcr at time mm out of low 1 iarlb orbit 10 inscrlirm
ia[o the circular hmar orbit,  ‘J’bc [old AV, including the
small maacuvcr of 0.96 nds al the 1,1 point, is 3.8240
kadscc.  ‘J’hc tolal transfer Iimc  is 292.02 days,

I ;igurc 3 shows m cxpandd view of the 1.1 -to-Mmm
lcg ia Ihc rotatil]g  f rame. la this figure llm origin has
bcm  moved m the ccntcr of the Mom.

a = 2.661700x10-6 rads/scc (mean molirm  of Moon)

lIM = 4,902.79 lm3/s2  ((gravitational coastant limes
lunar mass)
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l{ig{lrc 1. Karth-to-hlooth Trajectory Shown in the
Rotating IJramc
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‘J’aI)]c  1, ‘J’iIM  I Iistory Of IVmth-to-h!ool]”  Trajectory.
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54 - t  1 6 . 0 0 0 24,379.  l’crigcc  W . _____

82 +2s.000 l’crQcc  //7 .  !??!?!?—_ . .
162 + 16.000 Ikrigcc#15 104,651
—.—

—  2]9 -2.000–::::;_..Y3!W w---- ...x!:,~~,— .——
240 +0.955 1 .j. _. .————— —.. .-. -- .—.—  .—.. _ ___ _.. ——.

2s5 I’crilmc #l+1,000 __ _ _ . . . . . . .w7L.-–
270 +1.215 ])crilunc #4 . . -  .._.7LM
292 -627.181-” :Jl!!wl.ww..—. .Mx--- -_. .—..—. ———.——

‘1’0’1’Al , 3.824 1

I AV klldscc I
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A ‘liaicctw with LmwLMalAY
“1’hc 1 iarth-lo-],1  lcg of Ihc trajectory dcscribcd  above

uscs a 3:1 coll~l~~cilsl!rahility bctwcm  the spacmrafl orbit
abou[ 1 Wb and tbc lunar orbil. IIy using a 4:1
cc}ltlitlcttsllrahilily  the AV from the 1 ;kirlh  to the, Mom was
rc4hwd  by approximately 13 nds m a total of 3.81122
lank. 1 lowcvcr,  the rcduc[ion  ia AV come.s will] an
incmasc ia lolal  dmc-of-flighl 10506.61 days, making this
trajccmry  an ualitwly choice for an acmal missioa dcsiga.

I)kscossion

l)iffcrcat aspccls  n e e d  to bc c o n s i d e r e d  wbcn
asscssiag  t h e  m e r i t s  a n d  dcficicacics  of traasfcr
trajcc[orics  from [hc I iarlh  to Ihc Mm). of cmrsc,  wbcn
bumaas arc hciag tmnspmlcd  ttm low AV tmjcc.tory fouad
ia Ibis study would not bc suilablc  duc 10 lhe lcnglhy  timc.-
of- ftigb(.  1 ]owcvcr, ia missions wbcrc  sbrm flight times
arc not as critical, this type of frajcclory  may bc of use.
1 lxamplcs iacludc  “cargo” missions dclivcriag  a large
payload mass 10 the MOM  and spacecraft rcquiriag  as
much payload capacity as possible. in both of these cam
Ihc. l o n g  flighl t i m e s  m a y  bc pakrtablc to missioa
dcsigacrs.

‘1’able 2 shows a summary of 1 \arlll-to-Moon  tramfcr
wajcclorics.  ‘1’hc mtal AV, time-of-fligh(, 1 iarttt  iajcctioa

AV, aad lunar iascrtion  AV arc listed. It should bc noted
(1):1[  ualikc  the fiaal  cquatcrrial orbit about  tbc Mcm used

bcrc., t he  I l c l b raao -M i l l e r  tmjccmry  lcminatcs in a
circular polar orbit.

‘1’hc trajectory cmputcd  ia this shdy  fcahwcs a lunar

orbit iascvlion AV [bat is 192 m/s ICSS than that for a
I Iohmaaa  masfcr, potentially importml  for maximizing
p a y l o a d  capacity  cm a spamcraf(. la addi t ion to

compariag trajcc.tories oa the basis of total traasfcr  AV
then, i( is also useful 10 cmsidcr the payload mass [hat can
bc dclivcrcd  usiag, each trajcclmy  type. ‘1’his is proh~bly  a
superior basis for comparison, since the [brow Wcidlt
available for mission insmanca(s  and cquipmca( is the
most critical clcmcat iu the dcsiga  of nmsl missims.  la
addition, the total AV sum is mislcadiag  ia the sense [ha[
m o s t  of it Jnusl bc cxcculcd by a laud) vchiclc  with  a
propulsion systcm  and stage cfticicacy  very different than
the .  spacmraf[. [Jaforluaa[cly,  the rclalioasbip  bclwccn
AV aad payload capability is not a simple. oat. A launch
systcm  aad spacecraft must bc conqdctcJ  y dc.sigml  before
tbc payload capability is firmly established. Ncvcrll)clcss,
there arc simple dcsigo ralcs that may bc applied to
pmvidc  estimates of payload mass tliat  could bc dclivcrcd
base.d cm diffcrcn(  transfers.

As oar, example, the payload capacily  available
reboard a small spacccraf( ia the 1000 kg range usiag
diffcrcal t ransfers is cxamiac41. ‘J’hc followiag
comparisons arc tmscd cm the asc of a tlwcc-st a~c 1 )clla  1 I
f592,5 lalll~cll vcl]iclc  capable of injccling  a wet spacecraft

mass in the raugc of 1000 to 1100 kg oato aay of the
trajectories cxmsidcrcd. “1’lw prccisc mass allowc{l is
rcla(cd [o (I1c r e q u i r e d  iajccdm velocity b y  t h e
performance results publisbcd by Mcl Xnmcll  1 Xnrglas.9
‘1’IICSC rcsul{s mntaiu  coasidcrablc m a r g i n ,  so w

a d d i t i o n a l  margia  is carficd  in Ihc spacccraf[  dcsigas
coasidcrcd  bcrc. ‘J’oial propellant mass required is derived
in cacb case. from (Iw spacecraft AV rcquircmcnl  aad the
chsical  rocket cqualirm, from wbicll payload capacity can
tbcn bc cmputcd.  S1}acccrafl-to-l~llll\cl]  vcbiclc  adap(cr
mass is assumed to bc 3% of (tic. WC( sJlacccraf(  mass.
‘J’olal spacecraft struclurc  mass is Iakca as 1 fi%l. “1’hc incrl
spacmrafl  propulsion systcm  mass is a combiaatioa  of 25
kg plus 2(I% of the to(al propc]laa(  mass carried, basc~l on
the assumption of using a small bi-propcllaat  systcm  will]
a thrust of approximately 400 NcwIoas (si?.cd for a siaglc
Iargc hiaar orbit  iascrlioa  bum) and a SCI of small rcaclkm
c o n t r o l  cagincs.  ‘1’hc avcm~c spccitlc  i m p u l s e  of Ihc
systcm  is 290 SW.. lJausablc  propcllaa(  residuals equal to
0.5% arc assumed.

Table 3 shows payload capabilities derived accordiag
lo tflcscf awumpiions  for four diffcrcal trajectory dcsigas.
‘J’Jjc firsl is a thcmc[ical } lohal:uln t r a n s f e r . ‘1’hc
Ilclbruao/Miller trajectory is also prcscntcd  along with
Swcctscr’s tbcorctical  miaimum  A V  cmc a n d  (J1c

trajectory Jmscatcd by the aulhms in Ibis paper. “I”his last
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Table 2. Summary of lCarth-to-Moon  Transfers

‘J’(Y1’A1  . 1 iAl<’1’l 1 M(K)N ~

‘1’Yl’li M()])111 , AV INJIK’I’ION lNSI1}<’I’K)N
AV (kill/SCC)(tmlscc)  . . . .._N!!!W!JL ..==mn..  -—_ . _  — . _ _ _  ——. -._= .——. -  - — — - — . — —

M i n i m u m] ~ ?lWdY  ~ 3.721
T

_ _ _  3.099
I

0.62.7
‘1 !2’)4 3.194* OIL?!)*r.._.. .—_ —— .———-- - -—

This Sludy 1 1~-~~dy ._ .  .  - - - - -  .__, .  ._. ,  .__. ._. . .  L__ L____ ..-. —--—.- . - — . .
3.187*

1

0.651

I :..

. ..—.. — .. ——— —— -..
3.232 ___ ~.7!K -– --
3.140 __ 0.819

-. — — . — — — . — — — . . —  -.–- —.——  ..—.
*]llC1lI(ICS  ]ni{l-mllrsc maacuvcrs

trajcdory appcms t w i c e  iu the  Iablc, with the secm(l
nppcaraacc rcprmcntiug  tbc, results of usiag a low-thrust
clcclro(hcrmally  augmented thruster such as an arcjct (ypc
with  an average spcxific  impulse of 510 sec. Such a
syslcm would have. dcmandiog povmr rcqoircrnca(s and a
tbrUSt ]CVCI amuad ().2 NCWIOJN.  NcvcJIhclcss,  il may bc
feasible for IIlc type of Iow-cucrgy  transfer dcscribcd ia
(his paper provided tha[ tbc final lunar orbit  inscrlioa  buro
is cxccu(cd  ia several slagcs,  cacti AV uadcr 100 m/s.

1 ,ow-thros[,  high-cfficicocy sys(cms arc ccxlaialy not
m] optiou for near-l lohmana cases in which  a single fairly
large imJmlsc is required for lunar  capture. 1 ‘or the kJw-
cncrgy  CASCS io the example here, a largcf impulse is no[
required for cap[urc, a n d  tbc rcsulliag  cfficicacy
advanlagc  provides 161 kg (m 30%J) Of usable paylmd
mrc thal] a cmparablc  1 Iobmam  missim.

As cxmparcd  to (1IC l]clbrooo-Miller trajcctm’y,  which
CXtCads  m n e a r  t h e  1,] poil~l of tllc SU1l-1 ~arLll sYslCll~
( - 1  .5x106 km frm l;arh), the trajcchry in t h i s  sludy
never kavcs  lhc 1 iarth-Mmm  syskm Ily rcmailliag  near
the 1 :arlh  thmoglmul  the trajcctmy,  cOlllllltll)icatiOtls  aad
q>cratiooal rcquircmcnts  0301(1 bc simplified. 10 additim,
the Iklbruno-M illcr trajectory may have mrc rcstridivc
launch wiahws thaa lhc. tmjcc[cwy prcscotcd  i u  t h i s
paper.

Tal)lc 3. Summary of l%yloa(l Mass l)diverd)lc.  10 the
Moon

ncERF!I-—. .——
1 lohmana

-  F - ’ ” - - ” - ” - ” ” - - -

_. .——_— —- —.—.  —
521.2_—. _——. _——

llcll)rlll)o/Millcr5-7 556.8——. .
‘Miaimuol] 615.8.. ——— ..— —
“1’his  Sludy 5 7 0 . 3  _ _—.— ——-.—.
‘1’his Stu(ly* 682.0 ._—— .  ———
*lJsil~g a l~wl-Ulrllst Clcctric thruster

Concluding Remarks and Vuturc Work

While tbc trajcctmy  fouad io this study has a hw mtal
AV cmparcd to crtbcr dcsigos, ils uscs arc limited duc to
ibc. imp, tiaw-Of-fligbl. 1 ‘ulurc  work cmdd cxamiac a

llull)bCr Of aspcxls  Of this trajcctmy.  ‘1’lw ] iarth-to-l,1  lcg
AV  i s  s t i l l  sigoificaatly  h i g h e r  than tbc thcorctic~d
miuimmn,  and it is possible that a trajectory with a lower
A V  s a d / o r  shor[cr flight t ime  might  cxisl.  Also, llIC
trajcckrry  ia this study was cmpotcd  assumiag circular
luuar  mdcm with m solar or dcr perturbing cffcc.ts. A
nmrc realistic model could bc used to cxamioc  whether lhc
trajectory and its ccmcspmdiag  AV chaagc sigaificao[ly,

and, if tbc solar pcrlorbalim mold  bc used beneficially to
rcdocc  the AV iacorrcd  sad/or the time.-of-fliglll.

Ancxhcr imporlaol  aspcd to COllsidcr  i s  fllc
uavigatioa  rcqoircmca(s  fm spaccmfl m these types d
trajcclcmics. Siacc these trajcdOrics  will likely have high
scositivitics to maacuvcr cxcco[ioa crms, the

rcquircmcnts  to maiotaio  uavigatioml  control  of t h e
spacecraft should bc cxamiocd.

A final poial  to note is tlw possible applicalioo  of the
1,1 -to-Mooo  lcg for lJSC  as a transfer U’ajcctory fm’ folurC
lunar opcratious WIICO usil~g  J,1 as a slagil~g  p~illt  ~twcco
the llarth and Mm]. As cmpukd io this shdy,  the AV

for this Icg is near (IIC thcmctical  miaimum  AV and has
relatively small maacuvcr magllitudc.s  at tllc I,1 (lcpar~orcf
and lhc lunar iascrticm locatims  (0.1 nds and 62.7 m/s,
rcspcctivcly).  This type of u-aosfcr  fr~)lll 1,1 to tl~c MOOH
w o u l d  also have lhc advaatagc  that tbcrc woukl  bc no
rcstrictioos  cm the launch window  dcpartilw  1.1. Agaim
Imwcvcr, the flight time is hug (--50 days), aad foturc
cfforls  could examine rcdocins  this time while altcmp[iag
to rctaia the low AV cost.
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